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INTRODUCTION
As society ages, the diagnosis and treatment of degenerative diseases in the lumbar spine become more important. Lumbar spinal canal stenosis (LSCS) is a de-pathological conditions can be associated with rotation deformity, destruction, and iatrogenic abnormality, which produce bias in the comparison between CTM and MRI. Retrospective use of those images for the present study was approved by the Institutional Review Board.
Image selection
The MRI scans, performed on a 1.5 T scanner (Signa Twinspeed; GE Healthcare, Fairfield, CT), included sagittal and axial T2-weighted images [sequence type: spine echo, flip angle: 90°, slice thickness: 4 mm, field of view (FOV): 16 cm 2 , matrix: 288 × 256, reconstructed matrix: 512 × 512 number of excitations (NEX): 3, echo train length: 17, repetition time: 3,600 ms; echo time: 102 ms] from the first lumbar through the first sacral level. In all patients, the lumbar puncture was performed at lower lumbar spine under local anesthesia using a 22 G needle. Then, 10 mL of Iohexol (Omnipaque 240, Daiichi-Sankyo, Tokyo, Japan) was injected intrathecally. For each patient, sagittal scout scans were taken by MRI and CTM at the midline of the lumbar spine. In order to obtain pairs of MRI and CTM data at exactly the same axial section of each patient's spine, 2 orthopedic surgeons with 8 and 14 years of experience carefully determined that they had the same axial sections. The baseline requirements for CTM and MRI pairs were: 1) the axial section was created by a line connecting the middle point of the anterior and posterior margins of each vertebral body; or 2) the axial section line in the sagittal plane was within 3° of being parallel to the line indicated in 1). Additionally, patients who had all disc levels of L1/2, L2/3, L3/4, L4/5, and L5/S and fulfilled the above requirements were subjected for analyses. Consequently, 61 (305 disc levels, 47 men and 14 women) of the 189 patients satisfied these baseline requirements. Eight levels, however, were excluded, because the CTM images showed no contrast dye due to a complete block of the adjacent levels. Thus, a total of 297 CTM and MRI pairs of the same intervertebral disc levels were analyzed. These included 61 L1/2 levels, 59 L2/3 levels, 59 L3/4 levels, 61 L4/5 levels, and 57 L5/S1 levels. generative condition that results in reduced quality of life in the elderly. [1] [2] [3] This nervous system syndrome is caused by compression of spinal canal space involving neural tissue of the cauda equina and nerve root, and is characterized by back pain and/or neural symptoms in the lower extremities, 4 which makes accurate evaluation of the magnitude of stenosis necessary.
Surgery to improve a patient's quality of life is generally performed after conservative treatment has failed. 5 Surgical relief of nerve root and dural tube compression ameliorates symptoms associated with LSCS, including walking tolerance. 6, 7 Radiological methods are important for diagnosis and precise localization of the stenosis, and also aid in surgical decision-making. [8] [9] [10] Historically, several methods have been used to image the lumbar spine, including radiography, sagittal tomography, myelography, magnetic resonance imaging (MRI), computed tomography (CT), and CT after myelography (CTM). 8, 11, 12 CTM and/or MRI have become the methods of choice for preoperative radiological evaluation of patients with lumbar spinal stenosis. 13 Although MRI is used frequently for the preoperative evaluation of spinal lesions, 14, 15 it has several drawbacks. For example, the degree of stenosis can be exaggerated on T2-weighted images. 9 Although CTM requires lumbar puncture and is thus regarded as invasive, 16 this technique is also still in use, and it is unclear as to whether MRI or CTM is better for evaluating lumbar intracanalar dimensions. We have therefore done the following: first, compared absolute values of MRI and CTM in the intracanalar measurement of the lumbar spine; second, compared the reproducibility of MRI and CTM for measuring of intracanalar morphology; and third, evaluated the association of measurements between CTM and MRI, in an attempt to assess whether MRI can replace CTM in preoperative evaluation of patients with LSCS.
MATERIALS AND METHODS

Patients
We retrospectively studied the MRI and CTM scans performed at our institute between 2005 and 2006 on 189 patients (117 men and 72 women), ranging in age from 46 to 82 years (mean ± SD, 63.5 ± 12.7 years) and diagnosed with LSCS, spondylosis, or lumbar disc herniation. All of them were candidates for surgical treatment of a spinal disorder. Patients with scoliosis, tumors, metastatic tumors, or prior surgery were excluded, for spinal canals with such and presented independently and in a blind manner to the two observers, who assessed each sequence independently and without access to clinical information. Approximately 1 month elapsed between reviews of the repeated scans. Measurements made included the dural sac, its cross-sectional area ( Fig. 2A) , the maximum anteroposterior (AP) (Fig. 2B ) and right-left (RL) (Fig. 2C ) diameters of the dural sac, and the maximum ligamentum flavum thickness. For the latter, the thickness of the ligament flavum at its thickest parts on the right and left were measured, and the average of each was calculated (Fig. 2D ).
All measurements were performed using image analysis software (CIS-Image/Viewer for Windows Version 2.6.07; IBM Japan Ltd., Tokyo, Japan) at a resolution of 850 × 1024 pixels. Windowing for MRI and CTM was adjusted in each patient, not in a homogenous manner. Intra-and inter-observer reproducibility of the values obtained via MRI and CTM was evaluated, the absolute values obtained by MRI and CTM were compared, and the ratio of intracanalar quantitative measurements by CTM and MRI was calculated. In addition, the dural area, as determined by MRI and CTM, was compared for each grade of stenosis severity.
Statistical analysis
Paired t-tests were used to compare absolute values obtained by MRI and CTM. Simple regression analysis, using StatView (SAS Institute, Cary, NC, USA), was performed to assess the relationship between MRI and CTM results. Intraclass correlation coefficients (ICC) of agreement to compare
Grades of LSCS severity
The grades of LSCS have been defined. 17, 18 The observers were asked to grade five sequential levels (L1-L2 to L5-S1) on each MRI and CTM by three grades of stenosis: mild, moderate, and severe ( Fig. 1) . Particular attention was paid to the shape of the dural sac. Grade 1. None-mild No compression of the canal area or reduced size of the canal with compression of the disc (or end plate). The anterior part of the dural canal is convex or straight, and the dural sac is circular or oval in shape ( Fig. 1 ) (upper row).
Grade 2. Moderate
Reduced size of the canal with compression of the disc (or end plate) and flavum. The anterior part of the dural canal is concave with compression, and shape of the dural sac is triangular or semicircular, or more deformed than grade 1 ( Inter-and intraobserver agreement for grading of LSCS in MRI and CTM were evaluated, as was agreement of grading by MRI and CTM.
Measurement of intracanalar morphology
The images were randomized, identified by a code number, ICC (> 0.9) in all measurements (Table 1) . Inter-observer ICC was also high (> 0.9), except for measurements of flavum thickness by MRI (0.867) ( Table 1) . Interobserver ICCs of flavum thickness were higher by CTM (0.913), suggesting that the latter has a higher degree of reproducibility in analyzing ligament flavum. When measurements were sorted by grade of spinal stenosis, the MRI interobserver ICC of the dural area (0.852) and dural AP diameter (0.726) in grade 3 and the CTM interobserver ICC of CTM ligamentum flavum thickness in grade 2 (0.846) were relatively low, as compared with the other grades.
inter-and intraobserver agreement were determined using Systat 8.0 software (SPSS Inc., Chicago, IL, USA). Lumbar spinal canal stenosis (LSCS) grading was evaluated by kappa reliability coefficient analysis with quadratic weighting. 18 A 95% confidence interval was used in all statistical tests.
RESULTS
Reproducibility of MRI and CTM for measuring intracanalar morphology of the lumbar spine Both MRI and CTM had high degrees of intra-observer 
Comparison of the intracanalar measurements by MRI and CTM according to stenosis grade
When patients were sorted according to grade of stenosis, we found that, as stenosis became more severe, the dural area and dural AP and RL diameters were significantly smaller on CTM than on MRI (p < 0.001 each by one-way ANOVA) (Fig. 3A , B and C). For grades 1 and 2, the dural area was significantly larger when measured by CTM than by MRI (Fig. 3A) , but there was no significant difference in grade 3. Similarly, for grades 1 and 2, dural AP and RL diameters were significantly greater by CTM than by MRI ( Fig. 3B and  C) . In grades 1 and 3, flavum thickness measurements in CTM were significantly (p < 0.01) smaller than those in MRI (Fig. 3D ). Regression analysis of the dural area by stenosis grade between CTM and MRI showed that R² was 0.741 for grade 1 and 0.631 for grade 2, respectively, indicating a relatively high level of agreement (Fig. 4) . In contrast, there was little agreement between the two methods for grade 3 (R² = 0.155) (Fig. 4) . Remarkably, the CTM failed to adequately measure the dural sacs of 10 levels from 10 patients classified as grade 3. These 10 levels, however, could be measured by MRI because the cerebrospinal fluid was reflected (Fig. 5 ).
DISCUSSION
Overall, we found that both CTM and MRI were very effective for objective analysis of the shape of the dural sac and the thickness of the ligamentum flavum, and for subjective grading of the severity of spinal stenosis. It is impor-
Semi-quantitative evaluation of stenosis grade using CTM and MRI
In all subjects, the mean ± S.D. grade of LSCS was 1.9 ± 0.7 by CTM and 1.9 ± 0.7 by MRI; the difference between CTM and MRI was not statistically significant. Intraobserver kappa values of the classification of LSCS for MRI and CTM, respectively, were 0.801 and 0.815 by observer 1 and 0.736 and 0.780 by observer 2. Interobserver kappa values ranged from 0.756 to 0.783 for CTM and from 0.79 to 0.824 for MRI. MRI and CTM classifications of severity corresponded well, and the levels of each classification were similar (Table 2 ). Cohen's Kappa was 0.824, suggesting a high degree of correspondence.
Comparison of intracanalar measurements by MRI and CTM
The measurements for dural area (CTM: 128.1 ± 55.3 mm², MRI: 109.4 ± 54.8 mm²), dural AP diameter (CTM: 10.4 ± 3.2 mm, MRI: 9.4 ± 2.6 mm), and dural RL diameter (CTM: 15.2 ± 4.8 mm, MRI: 14.4 ± 3.9 mm) were significantly larger on CTM than on MRI (p < 0.0001), by 15% for the dural area, 11% for the dural AP diameter, and by 5% for the dural RL diameter (Fig. 3A , B and C) ( Table 3 ). In contrast, flavum thickness measurements (CTM: 3.4 ± 1.3 mm, MRI: 3.5 ± 1.2 mm) was significantly (p < 0.01) smaller on CTM than MRI (Fig. 3D) . Regression analysis between MRI and CTM showed that R² of the dural area was 0.722 (p < 0.0001), R² of dural AP diameter was 0.661 (p < 0.0001), R² of dural RL diameter was 0.682 (p < 0.0001), and R² of flavum thickness was 0.208 (p < 0.0001). likely that, the more severe the stenosis, the more deformed the shape of the dural sac, and thus dural morphology was less clearly identifiable on the MRI, partly due to susceptibility gradients at bone-soft tissue borders as a well-known source of MRI artifacts. It can also be speculated that the difference in image resolution between the two imaging modalities (MRI: 288 × 256 pixels, CT: 512 × 512 pixels) had a significant impact on these results. The grade of root compression and LSCS have each been classified into four levels on MRI, with intra-and interobserver reliability kappa scores ranging from 0.57 to 0.76 and from 0.27 to 0.56, respectively. 19 In our classification into 3 grades, all intra-and interobserver reliability kappa values were over 0.7 for both CTM and MRI. When classified into tant to note that the dural area was significantly larger when measured by CTM than by MRI. Measurements of the dural area and diameters by each method showed high reproducibility, with good intra-and interobserver ICC, and the two methods yielded comparable ICC values for these measurements. In contrast, the interobserver ICC of the ligamentum flavum was lower on the MRI than on the CTM. CTM may be superior to MRI in distinguishing bone and soft tissue. While the MRI could distinguish the flavum from the dural sac and fat but not from bone, the CTM showed the flavum as a space between the contrasted dural sac and lamina. Comparisons within each stenosis grade showed that, for grade 3, the inter-observer ICCs of the dural area and AP diameter on MRI were relatively low. It is fered considerably. Conformance of ligamentum flavum was very low in all grades of stenosis. CTM is an invasive procedure with several potential complications, including anaphylactic reactions to the contrast material, headaches, and, rarely, arachnoiditis and infection. [23] [24] [25] In addition, it involves not small number of doses of radiation 9 and is more expensive than MRI. Those issues are indeed important to clinical practice. However, we found that CTM was slightly superior to MRI in the reproducibility of flavum thickness measurements, indicating that CTM is preferable for preoperative planning of lumbar decompression for stenosis. In contrast, stenotic lumbar of level 10 (severe) showed no contrast medium in CTM, while these areas could be measured by MRI. Additionally, CTM cannot measure level 8 due to a complete block of the adjacent levels. Presumably, in the case of severe stenosis, the dye did not pass the block in enough volume to be visible. This is a significant problem in CTM as there may be more that one tight level. Thus, each of these methods has drawbacks, making it necessary to perform the other imaging method for more detailed information.
In conclusion, the following significant results were obtained in this study. The dural cross sectional size is slightly, but significantly, larger when measured by CTM than by MRI. The two methods had equal ability to preoperatively evaluate mild LSCS, but CTM was slightly superior in evaluating ligaments close to bone. For severe stenotic levels, MRI may be more sensitive in evaluating dural size, although its reproducibility was slightly lower than that of CTM. Taking into consideration the invasiveness of CTM, MRI should be the primary screening method of choice. CTM, which is slightly superior to MRI in identifying the bone-soft tissue interface, may be advantageous for patients requiring decompression of neural tissue. However, since there is very little data to suggest that the precise degree of stenosis is related to symptoms or treatment outcome, the small differences found between CTM and MRI cannot directly indicate any clinical relevance.
The design of this study had several limitations. First, we studied lumbar MRI and CTM in a lying-down position, which is commonly used in the clinical practice. However, those images are less clinically relevant than those obtained when standing or under axial loading. 26 Second, we compared the results of CTM and MRI scans of the lumbar region in the same patients for a fixed period, so there may have been slight differences in scanning level. It is unclear, however, how this slight difference may have influenced these three grades, there were no significant differences in average classification or statistical evaluation between CTM and MRI. These results indicate that CTM and MRI are comparable in classifying the grade of stenosis, and that neither method over-nor underestimates the degree of stenosis.
In agreement with previous results, 20 we found that dural area and dural AP and RL diameters in stenosis grades 1 and 2 were significantly larger when measured by CTM than by MRI. There are two possible explanations for these larger measurements of the dural diameters by CTM: First, the brightness of intrathecally injected contrast medium, 20, 21 can result in larger values from CTM. Second, pulsation of the cerebrospinal fluid and truncation artifact (Gibbs phenomenon) 22 can result in smaller values from MRI. However, the precise mechanism for this is not yet clear. We found that the magnification rate (CTM/MRI) of the dural tube area, approximately +15%, is in agreement with the +20% that was previously reported. 7 Although the larger visualization of the dural sac by CTM may be a normal radiological phenomenon, clinicians should be aware of this. This may also explain why the flavum thickness, the rest of the space in the spinal canal, was significantly larger by MRI than by CTM.
Comparison of CTM and MRI measurements of the dural sac in grades 1 and 2 stenosis showed high regression conformance, indicating that these two techniques have approximately the same ability to assess dural canal shape in levels of slight to moderate stenosis. However, in grade 3 or severe stenosis, dural shapes shown by MRI and CTM dif- In the MRI, the dural sac could be confirmed. In the CTM, however, dural shape and ligamentum flavum could not be observed.
(B) On the MRI, the dural sac is boomerang-shaped with compression by a herniated disc. On the CTM, however, the shape of the dural sac is altered as it becomes partially filled with contrast medium.
our results. Third, only axial T2-weighted MR images were compared with the CTM scans. Had T1-weighted images been included, a comprehensive analysis of MRI may have shown more obvious differences. Fourth, the difference between stenosis of grades 1 and 2 might not be clinically important. The classification was employed only to evaluate subclinical intracanalar condition of the patients. Fifth, the real values of the intracanalar morphology have not been evaluated, as this was a clinical study of patients. Sixth, the resolutions of the MRI and CTM were slightly different. Windowing for MRI and CT was not standardized. These can potentially create bias in the results of the present study.
